The type 1-cannabinoid receptor, CNR1, regulates differentiation of spermatids. Indeed, we have recently reported that the genetic inactivation of Cnr1 in mice influenced chromatin remodeling of spermatids, by reducing histone displacement and then sperm chromatin quality indices (chromatin condensation and DNA integrity). Herein, we have studied, at both central and testicular levels, the molecular signals potentially involved in histone displacement. In particular, investigation of the neuroendocrine axis involved in estrogen production demonstrated down-regulation of the axis supporting FSH/estrogen secretion in Cnr1-knockout male mice. Conversely, Cnr1-knockout male mice treated with 17beta-estradiol showed a weak increase of pituitary Fsh-beta subunit mRNA levels and a rescue of sperm chromatin quality indices demonstrating that estrogens, possibly in combination with FSH secretion, play an important role in regulating chromatin remodeling of spermatids.
INTRODUCTION
During spermiogenesis, notable chromatin remodeling of male germ cells occurs [1] . Indeed, round (r) spermatids (SPT) reorganize their nuclear chromatin and differentiate into mature elongated cells (i.e., mature SPT, or spermatozoa, SPZ), carrying tightly packaged chromatin. The packaging is required to protect the genome from endogenous and exogenous damage [2, 3] and so preserve reproduction. Indeed, DNA damage is known to be associated with compromised fertility and increased miscarriage rates [4] .
Chromatin reorganization in mammals involves several steps. In mouse germ cells, testis-specific or -enriched histone variants [5, 6] are displaced and sequentially replaced firstly by transition proteins (TNP1 and -2 are the best characterized) and then by protamines (PRM1-2) [7, 8] . Histone-to-protamine exchange strongly condenses the SPT genome in a toroidal structure [9] thus generating SPZ with a hydrodynamic and compact nucleus that optimizes its swimming ability. However, many mammalian species including mouse and human, retain a fraction of their chromatin in the more relaxed nucleohistone configuration that appears to retain epigenetic marks [1] . The emerging finding is that nucleohistone based chromatin is highly organized to transmit epigenetic information to the embryos and influence development [10] .
Endocannabinoids regulate reproduction in male and female [6, [11] [12] [13] [14] and they have been identified as actors in the intricate process of spermiogenesis [15] . In male, they act, directly and/or indirectly, at both central (hypothalamus and hypophysis) [16] [17] [18] and local levels (testis, epididymis and deferent ducts) via their cognate receptors [19] [20] [21] [22] [23] [24] [25] [26] . At a central level, CNR1 regulates GnRH synthesis and release in frogs and rats, respectively [17, 27] . In frog, an intriguing interplay between CNR1 and GnRH is found [17, 18] . At the testicular level, endocannabinoids affect both spermatogenesis and steroidogenesis. In rodents, they regulate immature Sertoli cell activity [28] , promote meiosis (i.e., spermatogonia-to-spermatocyte progression) [23] , support adult Leydig cell development [29] and function [30] as well as SPT differentiation [14, 22, 31] . Indeed, in the absence of CNR1 activity, inadequate chromatin remodeling of SPT occurs. In particular, the genetic loss of Cnr1 causes a double alteration: a decrease of TNP2 levels and, through a TNP2-independent mechanism, inefficient histone displacement so that a high percentage of epididymal SPZ show retained histones and poor chromatin quality (uncondensed chromatin and DNA damage) [15] . Likely this occurs since histone retention decreases nucleoprotamine-based chromatin and exposes a more relaxed chromatin to damage [15, 32] .
In the current study, using wild type (WT) male mice (Cnr1 þ/þ ) or males carrying a Cnr1-null mutation [33] , either in the heterozygous (Cnr1 þ/À ) or homozygous (Cnr1 À/À ) condition, we evaluated the molecular signals potentially involved in histone displacement at both central (hypothalamus and hypophysis) and testicular levels. Gonadotropins (LH and FSH) and sex steroids, including androgens and estrogens, were both considered because of their role in male reproduction of vertebrates [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . LH-stimulated androgen production and action are both necessary for germ cell progression in males. Although it has been reported that Cnr1 À/À male mice efficiently synthesize LH but show low levels of LH and testosterone in the bloodstream [30] , little or no information has been reported concerning estrogens. We initially reasoned that decreased testosterone was unlikely to be responsible for the inefficient histone displacement observed in Cnr1 À/À mice.
Indeed, the number of SPZ and epididymal epithelium morphology, both dependent on testosterone [44] , were not affected by loss of Cnr1 [21] suggesting that, in Cnr1 À/À males, testosterone levels ranged within levels sufficient to support spermatogenesis. Therefore, we have specifically analyzed the role of estrogens since mouse SPTs express aromatase cytochrome P450 (P450arom) the enzyme that transforms androgens into estrogens, and are shown to be affected by genetic inactivation of Esr2 or Cyp19A1 genes coding for estrogen receptor beta (ERb) and P450arom, respectively [45] . In agreement, both antiestrogens and aromatase inhibitors have been reported to interfere with SPT elongation [46, 47] . Furthermore, recent epidemiological studies showed that the serum concentrations of either estrogen and free thyroxine (T4) or estrogen and testosterone inversely correlated with sperm DNA damage in men [48, 49] .
Our results demonstrate that Cnr1 À/À male mice exhibit down-regulation of the neuroendocrine axis supporting FSH/ estrogen production and that estrogens influence chromatin reorganization in SPT. Indeed, in Cnr1 À/À mice, 17b-estradiol (E 2 ) injections increases pituitary Fsh beta (Fshb) subunit synthesis and rescues either histone displacement or the chromatin packaging mechanism in SPT, thus reducing the sperm DNA damage.
MATERIALS AND METHODS

Experimental Animals
) male mice or males carrying a Cnr1 null mutation [33] , either under heterozygous (Cnr1
) conditions, were used in this study. Heterozygous mice were bred on a CD1 background (Charles River Laboratories, Lecco, Italy). All animals were maintained on a standard pellet diet with free access to water. Adult males (4-8 months) were euthanized by CO 2 asphyxia, and tissues (hypothalamus, hypophysis, testes, and epididymis) were obtained depending on the experimental requirements. Anesthesia was administered in case of blood collection. Each experimental analysis or treatment included at least three or six separate animals for each genotype, and tissues of each animal were separately analyzed.
Experiments were approved by the Italian Ministry of Education and the Italian Ministry of Health. Procedures involving animal care were carried out in accordance with the National Research Council's publication Guide for Care and Use of Laboratory Animals (National Institutes of Health Guide).
Total RNA Preparation and cDNA Synthesis
Total RNA was prepared from testis (n ¼ 3-4 separately processed for each genotype or experimental group) using Tri-Zol reagent (Invitrogen Life Technologies, Milan, Italy) and treated (10 lg) with deoxyribonuclease (10 U) according to the manufacturer's instructions (GE Healthcare, Milan, Italy). RNA was quantified by spectrophotometry, analyzed by electrophoresis and incubated (2 lg) in the reaction mix for cDNA synthesis. As a negative control, RNA (2 lg) was incubated in the reaction mix for cDNA synthesis, without reverse transcriptase enzyme (RT, control sample).
Real Time-PCR
Real time-PCR (qRT-PCR) analysis was performed according to the manufacturer's instructions (CFX-96; Bio-Rad, Milan, Italy) in a 15-ll reaction mixture (SS0 Fast EvaGreen supermix; Bio-Rad) containing diluted cDNA (1:3) and specific primers (Supplemental Table S1 ; all supplemental data are available online at www.biolreprod.org).
Assays were performed in triplicate, and a standard curve from consecutive 5-fold dilutions of a cDNA representative of all samples was included for PCR efficiency determination. Relative gene expression analysis, corrected for PCR efficiency and normalized toward optimal reference genes, was performed by CFX Manager software (Bio-Rad). For each tissue, the optimal reference gene (actin [Actb] , glyceraldehyde-3-phosphate dehydrogenase [Gapdh] , or 3b-hydroxysteroid dehydrogenase [Hsd3b]) was selected according to threshold cycles (Ct) values. In particular, as Hsd3b is a selective marker of Leydig cells, it has been used as correction factor for the analysis of genes expressed in Leydig cells, such as estrogen receptors and aromatase (Supplemental Figure  S1 ).
Results were normalized, plotted as fold change (2 ÀDDCt ) by reference to unit WT values and graphed as means 6 SD.
Western Blot Analysis
Testicular proteins were prepared as previously described [26] . Briefly, testes (n ¼ 3 for each genotype) were homogenized in RIPA buffer (PBS, pH 7.4, 10 mM dithiothreitol, 0.02% sodium azide, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate) containing protease inhibitors (2 lg/ml of leupeptin, aprotinin, pepstatin A, and chymostatin; and 5 lg/ml of tosyl phenylalanyl chloromethyl ketone) and sonicated three times for 30-sec bursts, each at 60 mW. Proteins were separated using 9% SDS-PAGE and transferred to polyvinylidene difluoride membrane (GE Healthcare) at 280 mA for 2.5 h at 4 C. Filters were treated for 3 h with blocking solution (5% nonfat milk, 0.25% Tween-20 in Tris-buffered saline [TBS, pH7.6]) and then incubated overnight, at 48C in PBS-milk buffer (0.01M PBS, pH 7.6, 3% nonfat milk) with the primary antibody diluted 1:1000 (rabbit anti-P450arom, code sc-30086; rabbit anti-ERa, code sc-7207; both from Santa Cruz Biotechnology, Inc., Heidelberg, Germany); and rabbit anti-h3b-HSD [50] ). After washing in 0.25% Tween20-TBS, filters were incubated with 1:1000 horseradish peroxidase-conjugated IgG (Dako Corp., Milan, Italy) in 1% normal swine serum-PBS (Dako Corp.) and then washed again. The immune complexes were detected using the enhanced chemiluminescence-Western blotting detection system (GE Healthcare). Signals were quantified by densitometry analysis, adjusted relative to 3b-HSD levels and graphed as mean optical density (OD) 6 SD.
Immunohistochemistry
The Bouin-fixed, paraffin-embedded testis samples (n ¼ 3 for each genotype or experimental group) were sectioned (5 lm), mounted on glass, dried overnight and processed for immunohistochemistry as previously reported [51] . Sections were incubated overnight at 48C with one of the following primary antibodies (all from Santa Cruz Biotechnology): rabbit antihP450arom (code sc-30086, dilution 1:500 in 0.01 M PBS, 1% Triton X-100, 10% BSA), rabbit anti-hERa (code sc-7207, dilution 1:500 in 0.01 PBS, 1% Triton X-100, 10% BSA). Immunoreactivity was revealed using the avidinbiotin complex system and H 2 O 2 /3,30-diaminobenzidine-tetrahydrochloride (DAB) as substrate and chromogen. Specificity of the immunoreactions [50] was verified by omitting the primary antibody. Sections (n ¼ 4 for each testis) were observed under a light microscope (CTR500; Leica), images captured using a high resolution digital camera (DC300F; Leica, Italy) and signals in interstitial and tubular compartments quantified by densitometry using Image J software (rsbweb.nih.gov/ij). The quantitative densitometry in positive cells was carried out using a threshold value to differentiate positive cells from the background. Therefore, OD values reflect the signal amount in positive cells and are not dependent upon the total number of cells. The OD values in the interstitial and tubular compartments have been graphed as means 6 SD.
17b-Estradiol EIA Assay
Plasma E 2 levels were quantified using a commercially available EIA kit according to the directions provided by the manufacturer (Cayman, Florence, Italy). The kit was a competitive assay recommended for quantification of E 2 in plasma with a detection limit of approximately 20 pg/ml. Different concentrations (15 and 30 pg/ml) of E 2 (Sigma-Aldrich) were used to standardize the assay. The intra-and interassay coefficients of variation were determined at multiple points on standard curve to be 8.2% and 5.1%, respectively. All determinations were made in triplicate from plasma samples collected from four-six male mice for each genotype.
In Vivo Experiment
Cnr1
À/À males mice (n ¼ 9) of 24 days postpartum (dpp) were injected as follows: vehicle (1% ethanol); E 2 (1.5lg/100g dose for each injection); E 2 (1.5lg/100g dose for each injection) in combination with the ER antagonist ICI182780 (ICI; 15 lg/100g; dose for each injection). The choice of ICI [52] was based on its antagonist properties (e.g., specificity for both ERa and ERb and, in particular, for ERa receptor, no agonistic effect). All the substances were solubilized in ethanol, diluted in 100 ll physiological solution (each injection/dose contained 1% ethanol) and injected intraperitoneally on alternate days for 7 weeks. At the end of this period, animals were euthanized by asphyxia with CO 2 . Tissues were collected and immediately processed (epididymis) or properly stored (hypothalamus, pituitary, testis) for later processing.
CACCIOLA ET AL.
Sperm Collection from Caput Epididymis
Caput epididymis (n ¼ 6 epididymis separately analyzed for each genotype) were dissected, immersed in PBS (pH 7.6) and cut to allow sperm flow out from the ducts as previously reported [26] . The SPZ were then filtered throughout cheesecloth and processed for aniline blue staining or cytofluorimetric analysis.
Aniline Blue Staining
Aniline blue dye that showed selective high affinity for lysine was able to discriminate SPZ characterized by lysine-rich histones from those possessing arginine-/cysteine-rich protamines [53] . As previously reported [15] , we exploited this property to analyze the presence of histones in sperm nuclei.
SPZ were dried on polylysine slides, fixed in 4% paraformaldehyde for 30 min at 48C and stained with 5% aqueous aniline blue (Sigma-Aldrich) mixed with 4% acetic acid (pH 3.5) for 5 min [53] . After washing, SPZ were analyzed under light microscopy (model CTR500; Leica Microsystems Inc., Milan, Italy) at 3100 magnification. A total of 100-200 SPZ were evaluated for each slide. As previously reported [15] , three classes of stained heads were observed: white (unstained), light blue (poorly stained), and dark blue (strongly stained). Light and dark blue staining were considered as an index of low and large amount of retained histones, respectively [15, 53] . Results were reported according to color and graphed as unstained/stained on total SPZ. Each sample was analyzed in triplicate and counts were validated using double-blind testing by two observers, as routinely required for this experimental procedure.
Acridine Orange Staining Analysis
The fluorochrome acridine orange (AO) intercalates into double-strand DNA as a monomer and fluoresced green. Conversely, when it binds to singlestrand DNA as an aggregate, a red fluorescence is observed. We took advantage of this metachromatic shift of AO fluorescence, from green (FL1-H) to red (FL3-H), to analyze, under acid conditions [54] , SPZ chromatin quality. In particular, we analyzed by cytofluorimetry the percentage of SPZ with high DNA stainability (HDS) or with high DNA denaturability (DD). The HDS value represented the intensely green (FL1 . 10
3 ) fluorescing/total green fluorescing DNA (FL1 . 10 1 ). This parameter was an index of the chromatin uncondensed state, as uncondensed chromatin was highly accessible to the AO dye. The DD value represented the red fluorescing (FL3.10 1 )/total fluorescing (red plus green, FL1 and FL3 .10 1 ) DNA and was an index of DNA susceptibility to acid denaturation, because it revealed the single-strand DNA and therefore DNA breaks (DNA damage).
As previously reported [15] , aliquots of SPZ (1 3 10 6 /100 ll) from caput of epididymis were centrifuged, suspended in ice-cold TNE (0.01 M Tris-HCl, 0.15 M NaCl, and 1 mM EDTA [pH 7.4]) buffer and again centrifuged at 600 3 g for 5 min. The pellet was then suspended in ice-cold TNE-10% glycerol buffer (200 ll) and immediately fixed in ethanol (70% vol/vol) at 48C for 24 h. The samples were then treated with 400 ll of a solution of 0.1% Triton X-100, 0.15 M NaCl, and 0.08 N HCl (pH 1.2). After 30 sec, 1.2 ml of staining buffer (6 lg/ml AO, 37 mM citric acid, 126 mM Na 2 HPO 4 , 1 mM disodium EDTA, 0.15 M NaCl [pH 6.0]) was admixed to the sample tube and all samples were simultaneously analyzed by flow cytometry. After excitation by a 488-nm wavelength light source, AO bound to a double-stranded DNA fluoresced green (515-530 nm), and AO bound to a single-stranded DNA fluoresced red (.630 nm). A minimum of 10 000 cells were analyzed by fluorescent activated cell sorting (FACSCalibur; BD BioScience, Milan, Italy).
Data Presentation and Statistical Analysis
All data were expressed as means 6 SD from 3-6 independent samples for each genotype or experimental group. ANOVA followed by the Duncan test was used for multigroup comparisons.
RESULTS
Hypothalamus-Pituitary-Gonad Axis Study: Gene Expression Analysis in
, and Cnr1 À/À Mice by qRT-PCR Using qRT-PCR analysis, we studied mRNA expression of Gnrh (GnRH), Gnrhr (GnRH receptor), Fshb (FSHb subunit), Fshr (FSH receptor), and Cyp19A1 (P450arom). Gapdh, Actb, and Hsd3b were appropriately used as housekeeping genes. In particular Hsd3b was used as correction factor for gene expression analysis of Cyp19A1 in the testis since Cnr1 À/À male mice develop few Leydig cells compared with Cnr1 Fig. S1 ), and Cyp19A1 gene is expressed in several testicular cells, including Leydig cells [55] . Results ( Fig. 1) revealed that Cnr1 þ/À mice presented significantly (P , 0.01) lower hypothalamic Gnrh mRNA levels in comparison to Cnr1 þ/þ . Moreover, Gnrh mRNA further decreased in Cnr1 À/À compared with Cnr1 þ/À (P , 0.01). In the pituitary gland, Gnrhr mRNA levels were significantly (P , 0.01) lower in Cnr1 þ/þ mice than in Cnr1 þ/À and Cnr1
, which both had similar transcript expression levels. Furthermore, Cnr1 þ/þ and Cnr1 þ/À showed significantly (P , 0.01) higher expression levels of Fshb mRNA compared with Cnr1 À/À mice. In the testis, a similar expression profile was observed for Fshr mRNA, whereas Cyp19A1 mRNA significantly decreased in Cnr1 þ/À and Cnr1 À/À mice in comparison to Cnr1 þ/þ animals.
Testicular P450arom and Plasma E 2 Levels in
, and Cnr1 À/À Mice
Using Western blot analysis, we studied expression levels of P450arom in testis from Cnr1
, and Cnr1 À/À mice. As above reported, 3bHSD was used as correction factor. Figure 2A (upper panel) shows that P450arom was present in testes independently by genotype; quantitative densitometry of signals ( Fig. 2A, lower panel) . Conversely, the quantitative analysis of signals in the tubular compartment did not present any difference among genotypes.
Plasma E 2 assays (Fig. 2C ) demonstrated that the hormone was marginally but significantly (P , 0.01) lower in Cnr1
þ/þ and further decreased in Cnr1 À/À (P , 0.01).
Testicular ER Expression
Using qRT-PCR and Western blot analyses, we studied gene expression of Esr1 and Esr2 (genes encoding ERa and ERb, respectively) in testis from Cnr1
, and Cnr1 À/À animals. As reported above, Hsd3b (or the 3bHSD-related protein) was used as the housekeeping gene as ERs are expressed in germ and somatic cells, including Leydig cells [55] (Supplemental Fig. S1 ), Figure 3A shows that testis expressed Esr1 and Esr2 and that genotype did not influence their expression levels. Figure  3B shows that ERa was present in the testis (upper panel); the quantitative densitometry of signals demonstrated that protein levels were similar among different genotypes in whole testes (Fig. 3B, lower panel) .
Using immunohistochemistry, we analyzed the extent of the estrogen-responsive cell population in testis from Cnr1
, and Cnr1 À/À animals. In particular, we verified ERa localization in interstitial and tubular compartments and by software analysis we carried out a quantitative comparative analysis among genotypes. Figure 3C shows a clear and strong immunopositivity for ERa only in interstitial Leydig cells as previously reported [55] . The quantitative densitometry of ESTROGENS AND SPERMATID CHROMATIN PACKAGING signals demonstrated that ERa expression levels did not show any difference among genotypes.
Cnr1
À/À Male Mice Chronically Injected with E 2 During the First Wave of Spermatogenesis
À/À male mice were injected with vehicle alone (Control) or with E 2 with or without ICI. The pharmacological treatment was performed on 24 dpp mice according to the presence of rSPT and was halted 7 weeks later because the first wave of spermatogenesis and SPZ transfer to epididymis lasts approximately 60 days. This time window was useful for evaluating E 2 effects on the endocrine function of hypothalamus-pituitary-gonad axis, histone displacement, and sperm chromatin quality.
Endocrine Evaluation of Hypothalamus-Pituitary-Gonadal Axis Function Figure 4 shows representative qRT-PCR analysis of Gnrh, Gnrhr, Fshb, Fshr, Cyp19A1, and Tnp2 in Cnr1 À/À animals in vivo treated with vehicle alone (Control) or with E 2 with or without ICI by comparison with untreated wild-type (WT) mice used as a physiological control of gene expression. In the hypothalamus, none of the treatments changed Gnrh mRNA levels, whereas, in the pituitary gland, E 2 injection significantly (P , 0.01) increased Gnrhr and Fshb mRNA levels in comparison to the Control group. In testis, E 2 significantly (P , 0.01) increased Fshr and Cyp19A1 mRNA levels in comparison to the Control group, whereas none of the treatments changed Tnp2 mRNA levels. In both pituitary gland and testis, the E 2 -induced effects were efficiently counteracted by ICI, suggesting an ER-mediated mechanism. E 2 treatment was never able to restore gene expression to physiological Immunohistochemistry confirmed the presence of P450ar-om in interstitial and tubular compartments (Fig. 5A) [55] . In the interstitial compartment, quantitative densitometry of signals showed P450arom levels significantly (P , 0.01) lower in the Control than in Cnr1 þ/þ testis. Treatment with E 2 significantly (P , 0.01) increased expression of the protein (approximately 20% increase) in comparison to the Control group. The cotreatment E 2 þICI efficiently counteracted this effect. The E 2 treatment was not able to rescue P450arom levels to physiological Cnr1 þ/þ values. In the tubular compartment, the quantitative analysis of signals did not show any difference among experimental groups (Fig. 5B) . 
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Sperm Histone Retention Analysis
Aniline blue staining was used to analyze histone presence in sperm nuclei of Cnr1 À/À mice treated in vivo with vehicle alone (Control) or with E 2 with or without ICI in comparison to untreated WT, used as physiological reference of sperm histone retention values. We observed white (unstained), light blue (poorly stained), and dark blue (strongly stained) heads and, as previously reported [15] , the light and dark blue staining were used as index of histone retention. Figure 6 shows that the percentage of white sperm was significantly higher in WT than in Cnr1 À/À mice treated with vehicle alone (Control, P , 0.01). Conversely, the percentage of dark blue sperm (cells with histone retention) was higher (P , 0.01) in Control (50.62 6 0.34) than in WT mice (19 
Sperm Chromatin Quality Evaluation
We used the metachromatic shift of AO fluorescence, from green to red, to measure by flow cytometry caput sperm chromatin quality of Cnr1 À/À mice treated in vivo with vehicle alone (Control) or with E 2 with or without ICI in comparison to untreated WT animals used as a physiological control. In particular, we analyzed the percentage of SPZ with uncondensed chromatin (HDS value) or with single-strand DNA (DD value), respectively. Figure 7A presents histograms of green (FL1-H) and red (FL3-H) stained sperm in the gated areas (M1 and M2). Analyses of histograms are graphed in panels B and C.
The percentage of SPZ with uncondensed chromatin (Fig.  7B ) was significantly higher in the Cnr1 À/À experimental Control than in untreated WT mice, thus confirming previous results obtained in WT and Cnr1 À/À caput epididymis [15] and excluding interferences by vehicle. The in vivo treatment with E 2 significantly (P , 0.01) decreased the percentage of Cnr1 À/À SPZ with uncondensed chromatin to untreated WT values. This effect was efficiently counteracted by cotreatment with ICI, demonstrating a specific E 2 effect via ER. 
FIG. 2. Expression analysis of P450arom protein in testis from
Cnr1 þ/þ (þ/þ), Cnr1 þ/À (þ/À),
ESTROGENS AND SPERMATID CHROMATIN PACKAGING
The percentage of SPZ with DNA damage (Fig. 7C ) was significantly higher in the Cnr1 À/À Control group than in untreated WT. E 2 significantly (P , 0.01) decreased the percentage of SPZ with DNA damage in comparison with the Control group, restoring levels to WT values. The combined treatment E 2 þICI efficiently counteracted the E 2 effect.
DISCUSSION
We reported that the genetic inactivation of Cnr1-deranged chromatin remodeling of SPT by a double alteration: a decrease of TNP2 content and, through a TNP2-independent mechanism, inefficient histone displacement [15] . We focused our present study of histone displacement and analyzed the neuroendocrine regulation supporting spermatogenesis by comparing phenotypes of WT, Cnr1 þ/À and Cnr1 À/À male mice. Hypothalamic-hypophyseal communication is an early step in the modulation of gonadal activity. Therefore, we analyzed the expression of principal genes involved in this aspect of testicular endocrine regulation. In particular, we focused on the neuroendocrine axis supporting estrogens, since a key role for these hormones during spermiogenesis is emerging [56] .
Using qRT-PCR, we studied mRNA expression of Gnrh, Gnrhr, Fshb subunit, Fshr, and Cyp19A1 genes in WT, Cnr1 þ/À , and Cnr1 À/À male mice. Our results demonstrated that Cnr1 loss, either in the heterozygous or homozygous state, reduced Gnrh levels in hypothalamus, thus explaining the drop of LH release observed in Cnr1 À/À males [30] and suggesting that CNR1 activity partially support Gnrh synthesis. These data reinforce findings that CNR1 may intercept at more levels in the neuroendocrine network regulating GnRH neurons [57] . Indeed, emerging results reveal that several neuronal systems involved in the inhibition (e.g., gamma-aminobutyric acid) and/ or stimulation (including glutamate, kisspeptin) of GnRH synthesis/secretion are targeted by CNR1 [57] [58] [59] [60] .
The analysis of Gnrhr mRNA at pituitary level revealed a lower receptor level in WT than in Cnr1 þ/À or Cnr1 À/À mice, which both showed matching Gnrhr levels. In agreement with previous observations [61] , our data suggested that low Gnrh expression was still able to up-regulate the mRNA synthesis of the cognate receptor. Furthermore, in Cnr1 À/À we observed that the down-regulation of Gnrh were accompanied by downregulation of Fshb and Fshr, supporting the hypothalamic origin of their imbalance. Indeed, although Gnrhr was upregulated to similar levels in both Cnr1 þ/À and Cnr1 . It is known that germ and Leydig cells are the main producers of estrogens in the testes of adult mice [55] and that in germ cells the estradiol output is equivalent to that of Leydig cells [62] . To our knowledge, hormonal regulation of testicular Cyp19A1 gene expression is an unresolved topic. Our results showed that, independently of Leydig cell number decrease and in agreement with Fshb/Fshr expression, Cnr1 À/À testis synthesized low levels of aromatase, mRNA and protein. The protein decrease was observed in the interstitial compartment and was associated with low E 2 levels in bloodstream suggesting that, in Cnr1 À/À mice, the down regulation of neuroendocrine axis supporting FSH interfered with gene expression of aromatase in Leydig rather than in germ cells. Most likely, such interference was mediated by Sertoli cells since testicular expression of FSHR is restricted to Sertoli cells [63] . Interestingly, further information emerged from Cnr1 þ/À mice: in agreement with Fshb/Fshr expression, P450arom levels were high and sufficient to support plasma E 2 levels close to normal; despite that, Cyp19A1 mRNA was low and similar to Cnr1
. This observation confirmed that aromatase gene expression is regulated by a combination of transcriptional and translational (and/or posttranscriptional/ translational) mechanisms [64] that seems to be both FSHand CNR1-dependent. In particular, CNR1 might act more specifically at transcriptional or posttranscriptional level and be partially responsible for the up-regulation of Cyp19A1 mRNA. Altogether our data revealed that Cnr1 genetic loss, in both heterozygous and homozygous conditions, altered the hypothalamic-hypophyseal-testicular axis with consequent reduction of E 2 levels. Interestingly, recent findings reveal that E 2 -induced spermatogenesis in hypogonadal (hpg) mice is dependent on functional ERa but not ERb [65] . However, our results demonstrated that neither Esr1/Esr2 mRNA nor ERa protein expression changed in the analyzed testes, thus hinting a ligand-dependent down-regulation of ER signaling, ESTROGENS AND SPERMATID CHROMATIN PACKAGING probably more pronounced in Cnr1
animals. Due to a natural Gnrh gene deletion, the hpg mice are functionally deficient in gonadotropins and sex steroids and treatment with E 2 or ERa agonist restores meiosis. Furthermore, in the absence of testosterone, they produce haploid, elongated SPT likely via a mechanism involving a weak neuroendocrine activation of FSH secretion [56, 65, 66] . We hypothesized that the down-regulation of FSH/E 2 signaling might explain the inefficient histone displacement and the poor sperm chromatin quality indices (high histone retention, uncondensed chromatin and DNA damage) observed in Cnr1 À/À mice. With the aim of verifying this hypothesis, we treated Cnr1 À/À male mice with vehicle (Control) or with E 2 with or without ICI. The pharmacological treatment was performed on 24 dpp mice and lasted 7 weeks (time required to end the first wave of spermiogenesis and epididymal sperm transfer), in order to evaluate E 2 effects on 1) the endocrine function of hypothalamus-pituitary-gonad axis, 2) histone retention/displacement and 3) SPZ chromatin quality (uncondensed chromatin and DNA damage). The untreated WT animals were used as the physiological control.
Using qRT-PCR, we first investigated E 2 effects at central levels. In hypothalamus of Cnr1 À/À mice, we observed that the in vivo treatment had no effect on Gnrh mRNA levels, probably because rodent hypothalamus expressed ERb [67] that has been reported to play a minor role in mediating E 2 action in this area [68] . Alternatively, E 2 could require CNR1 to stimulate Gnrh synthesis. Conversely Gnrhr and Fshb mRNA levels significantly increased (P , 0.01) in the pituitary of E 2 -treated animals compared with the Control group. The combined treatment, E 2 þICI, demonstrated an ER-mediated mechanism. We suggest that this might occur more specifically via ERa, and independently of GnRH secretion. Indeed, in agreement with our results, ERa agonist-treated hpg mice (GnRH-deficient animals) shows a weak FSH secretion [65] . CACCIOLA ET AL.
At testicular levels, both Fshr and Cyp19A/P450arom presented an expression profile similar to Fshb, evidence of FSH regulation on its receptor in agreement with literature [63] . However, E 2 neither restored Fshb/Fshr/Cyp19A1 mRNA nor interstitial P450arom protein expression to Cnr1 þ/þ values, and although we observed that vehicle interfered at pituitary and testicular levels, our results in combination with those reported in hpg mice [65] and in isolated rat Leydig cells [64] strongly suggest that E 2 acted at a pituitary level to induce FSH synthesis and secretion, and at a testicular level to increase ESTROGENS AND SPERMATID CHROMATIN PACKAGING aromatase in Leydig cells. Interestingly, ERa did not response to E 2 treatment (data not shown). Of course, the Cnr1 À/À animal model suggests that a further factor(s) regulates the neuroendocrine axis supporting the FSH-E 2 pathway.
To better understand whether the observed up-regulation of the neuroendocrine axis was able to rescue histone displacement and sperm chromatin quality to Cnr1 þ/þ values, we stained with aniline blue or OA dyes SPZ of Cnr1 À/À mice treated with vehicle (Control) or with E 2 with or without ICI in comparison to Cnr1 þ/þ SPZ. Data suggest that during spermatogenesis a massive incorporation of histone variants and different types of histone modifications occurs in germ cells before histone removal [1] . In this phase of the study we chose the aniline blue staining as a useful and sufficient tool to obtain an overall information about histone retention; of course, using Western blot analysis and specific antibodies for each histone variant and related modifications, a more extensive and specific study may be undertaken to have details about it.
As previously reported, using aniline blue staining, we observed white (without histones), light blue (low histone retention), and dark blue (high histone retention) sperm nuclei [15] in all the experimental groups. The percentages of white, light, and dark blue nuclei of Cnr1 þ/þ SPZ were the mirror images of the percentages counted in the Cnr1 À/À Control group. E 2 treatment restored the percentages of white, light, and dark blue sperm cells to Cnr1 þ/þ values. This effect was completely counteracted by cotreatment with ICI, thus demonstrating that E 2 , specifically via ER, rescued histone displacement. This happened through a TNP2-independent mechanism as E 2 treatment did not change Tnp2 mRNA levels [15] . In agreement, Tnp2 loss, either Tnp2 þ/À or Tnp2
, did not influence histone displacement [69] . Altogether, our data suggested that low plasma E 2 levels could explain the high histone retention observed in Cnr1 À/À mice. However, a possible involvement of FSH decrease as well as of androgen/estrogen imbalance could not be excluded, since Cnr1 À/À male mice efficiently synthesized LH (no change of pituitary LH content was observed in Cnr1 À/À male mice) but showed low levels of LH and testosterone in the bloodstream [30] . Interestingly, our results suggested that in the Cnr1 À/À mice, LH signaling was sufficient to regulate steroidogenesis supporting testosterone production in Leydig cells. Indeed, the 3b-HSD, an LH-responsive selective marker of Leydig cells, was efficiently synthesized in individual single cells (see Supplemental Fig. S1 ) thus suggesting that in Cnr1 À/À mice the testosterone decrease is exclusively related to a decrease of Leydig cell number. Of course, further studies are required to better investigate on the role of LH/FSH and testosterone/ estrogen balance in spermatid differentiation.
Several studies have proposed that chromatin condensation and DNA damage are related to each other and are secondary effects associated to disrupted histone displacement [15, 32] . Therefore, the last step of our study was to analyze E 2 effects on the percentage of caput SPZ with uncondensed chromatin and DNA damage of Cnr1 À/À mice treated with vehicle or E 2 with or without ICI in comparison to untreated Cnr1 þ/þ animals. As previously reported [15] , the percentage of SPZ with uncondensed chromatin (HDS) or with DNA damage (DD) were significantly higher in Cnr1 À/À Control group than in untreated Cnr1 þ/þ mice, thus excluding interference by vehicle. E 2 treatment efficiently restored the percentage of SPZ with uncondensed chromatin and DNA damage to Cnr1 þ/þ physiological values. E 2 activity was efficiently counteracted by cotreatment with ICI, demonstrating a specific ER-mediated mechanism. Accordingly, caput sperm of rat chronically injected with E 2 showed a chromatin hyper-compaction, although TNP1, TNP2 and PRM1 proteins decreased at testicular levels and no change was observed in the expression of Tnp1, Tnp2, Prm1 mRNA [70] . Altogether, present and previous results [15, 70] seem to suggest that E 2 -induced histone displacement did not require a more efficient expression of Tnp and/or Prm genes. Moreover, estrogens, directly or indirectly, affected SPZ chromatin acting on the testis rather than epididymis, since histone-to-protamine exchange takes place during spermiogenesis Overall, our results demonstrated that estrogens, indirectly via stimulatory effects on FSH secretion and/or directly via paracrine actions within the testis, play a key role in spermiogenesis. Interestingly, it is still a matter of debate whether FSH and/or estrogen affect chromatin remodeling in SPT in either a synergistic or an independent way with androgens [42, 49, 58, 71, 72] . However, the loss of Cnr1 did not impair fertility [15] : this likely occurs because of mechanisms of SPZ selection (Cnr1 À/À mice produce a sperm with heterogeneous histone content and chromatin quality) and/ or DNA repair operating in the female reproductive tract [73] . Alternatively, further mechanisms compensating for Cnr1 absence might be activated [69] .
In conclusion, for the first time, we show that loss of the Cnr1 gene down-regulates the neuroendocrine axis supporting FSH/E 2 secretion. Furthermore, we demonstrate that estrogens, directly and/or indirectly via FSH, regulate SPT chromatin remodeling. In particular, they preserve chromatin condensation and DNA integrity most likely by promoting histone displacement. These studies identify a novel and important role for estrogens in the maintenance of sperm chromatin quality, that might be mimicked or antagonized by estrogenic environmental chemicals with potentially damaging effects on animal and human fertility.
